D-Xylulose (D-threo-pentulose) and L-xylulose (L-threopentulose) are intermediates in several procaryotic and eucaryotic metabolic pathways. Metabolic investigations into pathways with these ketopentose intermediates are aided by the use of pure ketopentoses as substrates. A number of methods for the preparation of 2-ketopentoses have been described previously. A chemical procedure involves refluxing an appropriate aldopentose in dry pyridine, but the yields obtained with this method are low and other isomers are produced which are difficult to remove during purification of the ketopentose (7). Higher yields have been obtained from biological methods employing partially purified aldopentose isomerases and pentitol dehydrogenases (15) . Whole cells of Acetobacter suboxydans have been used for the oxidation of D-arabitol to D-xylulose or ribitol to L-ribulose by fermentation. Conversion by this procedure approaches 40%, but the ketopentose must be purified from a fermentation broth (8) .
Another approach to ketopentose production has been to construct Klebsiella mutants able to oxidize a pentitol to a ketopentose but unable to metabolize the ketopentose produced. Klebsiella species degrade pentoses and pentitols by the isomerization of pentoses and the oxidation of pentitols to produce a ketopentose. The ketopentoses are phosphorylated and ultimately converted to D-xylulose-5-phosphate ( Fig. 1) (14) . A Klebsiella pneumoniae (previously known as Aerobacter aerogenes) mutant was previously constructed for the production of D-ribulose. This mutant constitutively synthesized ribitol dehydrogenase (EC 1.1.1.56) but was unable to synthesize D-ribulokinase (EC 2.7.1.47). When a resting cell suspension of this mutant was incubated with ribitol, approximately 80% of the ribitol was oxidized to D-ribulose and excreted (16) . Further studies with this mutant strain showed that despite the block in the ribitol pathway, the organism was still able to slowly degrade the D-ribulose by using enzymes from the L-fucose catabolic pathway. An additional mutation preventing the degradation of L-fucose also prevented the utilization of D-ribulose by this second route and permitted more quantitative recovery of D-ribulose (R. P. Mortlock, unpublished data).
It seemed reasonable that a K. pneumoniae mutant could also be constructed for the biological production of D-xylulose, a ketopentose intermediate formed during the degradation of both D-arabitol and D-xylose. The D-arabitol catabolic enzymes, D-arabitol dehydrogenase (EC 1.1.1.11) and D-xylulokinase (EC 2.7.1.17), are induced by D-arabitol, whereas D-xylose induces D-xylose isomerase (EC 5.3.1.5) and a separate D-xylulokinase ( Fig. 1) (20) . It was predicted that a K. pneumoniae mutant which constitutively synthesized D-arabitol dehydrogenase but was unable to further metabolize D-xylulose could be used for the biological production of D-xylulose from D-arabitol (Fig. 2) .
During investigations into the pentitol metabolism of Erwinia uredovora, mutants of E. uredovora able to utilize xylitol as a sole carbon and energy source were isolated. It was found that these mutants constitutively synthesized a novel xylitol-4-dehydrogenase activity, which oxidized xylitol to L-xylulose, and an L-xylulokinase (EC 2.7.1.53) (R. C. Doten and R. P. Mortlock, Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, K244, p. 217). Because of this xylitol dehydrogenase activity, it seemed possible that an E. uredovora mutant could be constructed for the biological production of L-xylulose from xylitol (Fig. 2) . This paper describes the construction of a K. pneumoniae mutant able to produce D-xylulose from D-arabitol and the use of an E. uredovora mutant for the production of L-xylulose from xylitol.
MATERIALS AND METHODS
Strains and cultural conditions. The K. pneumoniae and E. uredovora strains used in this study are listed in Table 1 . Cells were grown aerobically at 30°C in a minimal salts medium (3) with either 0.5% carbohydrate or 0.5% casein hydrolysate or both. Uracil was added to K. pneumoniae cultures at 0.005%. Solid media were solidified by the addition of 0.8% Gelrite (Kelco).
Isolation of mutants. D-Xylose-negative mutants of K. pneumoniae were isolated after N-methyl-N'-nitro-Nnitrosoguanidine (NTG) mutagenesis (13) and enrichment.
Penicillin enrichments were by the method of Davis (5) Enzyme assays. Procedures for the determination of D-ara bitol dehydrogenase, D-xylose isomerase, and D-xylulokinase activities have been described (20) .
Ketopentose assay. Samples (0.25 ml) from ketopentoseproducing cell suspensions were passed through a membrane filter (pore size, 0.45 ,Lm) to remove cells and thenassayed for ketopentose by the cysteine-carbazole method (6) .
Ketopentose production. A volume of 600 ml of K. pneumoniae DM516 was grown aerobically at 30°C in a mannitol-casein hydrolysate-uracil-minimal salts medium until stationary phase. Cells were harvested by centrifugation at 12,000 x g for 20 min at 4°C, washed once with sterile 4 mM Na2CO3-4 mM K2CO3 buffer (pH 8.4), and resuspended in 300 ml of the same buffer. D-Arabitol (1.5 g) was added, and the cell suspension was incubated aerobically for 18 h at 30°C. Cells were then removed by centrifugation at 12,000 x g for 20 min, and the supernatant was passed through a filter (pore size, 0.45 ,um). The supernatant was then mixed with a Dowex 50w-x8 100-200 mesh resin in the H+ form. The resin was removed by filtration (Whatman no. 1 paper), and the ketopentose preparation was concentrated by vacuum evaporation at 35°C. L-Xylulose production with E. uredovora DM122 was by a similar procedure with the following changes: cells were grown in a glycerol-casein hydrolysateminimal salts medium, cells were washed and suspended in sterile distilled water, and 1.5 g of xylitol was added.
Ketopentose purification. Ketopentoses were separated from the remaining pentitol by hydroxyl affinity column chromatography (1) . A concentrated ketopentose sample was applied to a column (2.5 by 60 cm) of Dowex 50w-x4 200-400 mesh in the Ca2+ form. The column was eluted with distilled water, and 7-ml fractions were collected. Fractions were assayed for ketopentose by the cysteine-carbazole method with a D-xylulose standard and for pentitol by the nonspecific chromotropic acid method (17) with either D-arabitol or xylitol as a standard. Fractions containing ketopentose were pooled, concentrated by vacuum evaporation at 35°C, and stored at -20°C.
Thin-layer chromatography. Samples were applied to cellulose thin-layer chromatography plates (Eastman Kodak Co.) and chromatographed with a butanol-pyridine-water (2:2:1) solvent system. Chromatograms were developed with alkaline silver nitrate (19 Strain 261-5 was mutagenized, and mannitol-negative mutants were isolated. Four mutants, strains DM301, DM302, DM303, and DM304, were pooled, phenotypic mannitol-positive revertants were isolated from the pooled mutants, and the revertants were assayed for the constitutive synthesis of D-arabitol dehydrogenase. Strain DM401 constitutively synthesized the D-arabitol catabolic enzymes ( Table 2) .
The D-xylulokinase of the D-arabitol pathway was eliminated by mutagenizing strain DM401 and isolating D-arabitol-negative mutants. One mutant, strain DM516, had a D-arabitol-negative, mannitol-positive phenotype. Strain DM516 did not produce a detectable level of D-xylulokinase activity but still constitutively synthesized D-arabitol dehydrogenase ( Table 2 ). The inability of strain DM516 to induce D-xylulokinase activity when presented with D-arabitol identified the initial D-xylose-negative mutation in strain 261-5 as a regulatory mutation since the formation of D-xylulose did not lead to the induction of the D-xylose catabolic enzymes. Strain DM516 had the characteristics which were predicted to be necessary for D-xylulose production. This strain constitutively synthesized the D-arabitol permease system and D-arabitol dehydrogenase but was unable to synthesize D-xylose isomerase or D-xylulokinase.
K. pneumoniae DM516 excreted D-xylulose. Stationaryphase cultures (10 ml) of strain DM516 grown in a mannitolcasein hydrolysate-uracil-minimal salts medium were suspended in 5 ml of minimal salts medium with D-arabitol added at 0.25, 0.5, or 1.0%. The cell suspensions were incubated aerobically at 30°C. Within 30 min, D-xylulose could be detected in the medium of all three cell suspensions. After 18 h, 63% of the D-arabitol had been converted to D-xylulose and excreted in the 0.25 and 0.5% D-arabitol suspensions, whereas 40% of the D-arabitol in the 1 xylitol-utilizing mutant was mutagenized with the transposon TnS, and xylitol-negative mutants were isolated. One mutant, E. uredovora DM122, still constitutively synthesized xylitol dehydrogenase but produced no detectable level of L-xylulokinase activity (R. C. Doten and R. P. Mortlock, J. Bacteriol., in press). E. uredovora DM122 had the characteristics necessary for the production of L-xylulose from xylitol. Stationary-phase cultures (10 ml) of strain DM122 were suspended in 5 ml of minimal salts, xylitol was added to 0.25, 0.5, or 1.0%, and cell suspensions were incubated aerobically at 30°C. After 18 h, 70% of the xylitol in the 0.25 and 0.5% xylitol suspensions had been oxidized to L-xylulose and excreted, whereas 48% of the xylitol in the 1% suspensions had been oxidized to L-xylulose. Increasing the length of incubation to 30 h or increasing the temperature to 37°C did not increase the amounts of L-xylulose produced. Substituting distilled water for minimal salts did not alter the amount of L-xylulose produced; therefore, larger-scale production of L-xylulose was performed with strain DM122 suspended in distilled water with 0.5% xylitol.
Production and purification of D-and L-xylulose. An amount of 0.83 g of D-xylulose was produced from 1.5 g of D-arabitol by K. pneumoniae DM516, a 55% conversion. E. uredovora DM122 produced 0.96 g of L-xylulose from 1.5 g of xylitol, a 64% conversion. If care was taken to prevent contamination of the cells during their separation from the ketopentose containing medium, the cultures could be reused for the oxidation of additional pentitol. The ketopentoses were separated from the remaining pentitol by hydroxyl affinity column chromatography. Figure 3 shows the separation of L-xylulose from xylitol; the separation of D-xylulose from D-arabitol was similar. Recovery of ketopentose was essentially quantitative. Thin-layer chromatography of the puri-DISCUSSION D-and L-Xylulose are intermediates in pentose and pentitol degradative pathways in bacteria and fungi, and in mammalian systems, they are precursors of L-ascorbic acid and components of the glucuronate-xylulose cycle. Research into the physiology and therapeutic effects of pentoses and pentitols in mammals has focused on xylitol. Xylitol is a component of the glucuronate-xylulose cycle formed by the reduction of D-xylulose and is subsequently oxidized to L-xylulose (10) . Although xylitol has been produced on a large scale, D-and L-xylulose production has been limited by the procedures used. As part of our investigations into the physiology of pentitol degradation by bacteria, we have developed an efficient process for the production of these 2-ketopentoses.
The strategy employed for the production of D-and L-xylulose was to construct bacterial strains which constitutively synthesized an appropriate pentitol dehydrogenase but were unable to metabolize the ketopentose produced. The procedure described was used for the rapid production and purification of D-and L-xylulose in quantity. The use of resting cell suspensions for ketopentose production has several advantages over other preparative methods. In con- trast to chemical methods, high yields are obtained and no other products are formed. The use of intact cells eliminates enzyme purification procedures, NAD+ regeneration, consideration of enzyme stability when optimizing production conditions, and purification of the ketopentose from enzymes and cofactors. Ketopentose production in either distilled water or carbonate buffer permitted a rapid purification of the ketopentose by using a hydroxyl affinity column eluted with distilled water.
